The initial growth mechanism of epitaxial BaTiO 3 films is studied by combined application of atomic force microscopy, cross sectional high-resolution transmission electron microscopy, and x-ray diffraction. Epitaxial BaTiO 3 thin films were grown by pulsed laser deposition on vicinal Nb-doped SrTiO 3 (SrTiO 3 :Nb) ͑001͒ substrates with well-defined terraces. X-ray diffraction and cross sectional high-resolution transmission electron microscopy investigations revealed well-defined epitaxial films and a sharp interface between BaTiO 3 films and SrTiO 3 :Nb substrates. The layer-then-island ͑Stranski-Krastanov mode͒ growth mechanism observed by analyzing the morphology of a sequence of films with increasing amount of deposited material has been confirmed by microstructure investigations.
I. INTRODUCTION
Three epitaxial growth modes have been so far classified: the layer-by-layer ͑Frank-van der Merwe͒ growth in the case of a very thin pseudomorphic layer or perfectly lattice matched materials, the island ͑Volmer-Weber͒ growth, and the layer-then-island ͑Stranski-Krastanov͒ growth for lattice mismatched materials. 1 The classical theory of film nucleation and growth states that the ''selection'' of one of these growth modes by a specific substrate-film system depends on the thermodynamics, i.e., on the surface energies of both film and substrate, and on the film-substrate interface energy.
2 Strain relaxation and island formation in the Stranski-Krastanov growth mode have been studied in great detail in semiconductor systems such as Ge/Si or ͑In,Ga͒As/ GaAs grown by molecular beam epitaxy. 3 The transition from the two-dimensional to the three-dimensional growth mode of Ge islands on Si ͑100͒ substrates, as well as of ͑In,Ga͒As islands on GaAs ͑100͒ substrates, has been discussed in terms of a dislocation-free Stranski-Krastanov growth mode. 4, 5 Pulsed laser deposition ͑PLD͒ has become an important technique which can be used advantageously to produce high-quality multicomponent thin films including ferroelectrics and high-temperature superconductors. 6, 7 PLD has also become a significant method to study the growth processes of oxide thin films. For example, Blank et al. 8 succeeded in enhancing the layer-by-layer growth mechanism by increasing the time interval between the laser pulses in the so-called ''pulsed laser interval deposition,'' so that the film structure can reorganize or relax.
A study of the early growth stages of epitaxial PLDgrown PbZr x Ti 1Ϫx O 3 ͑PZT͒ films on SrTiO 3 substrates by Goh et al. 9 revealed a three-dimensional island growth mode. The initial small nuclei of 25-30 nm in lateral size have been found to merge into large grains of 100-120 nm size resulting in a two-layer structure of the film. Increasing the thickness of the PZT film from 50 nm to 115 nm, a columnar-like growth mode was found to dominate the film morphology.
A dependence of the lattice parameter on film thickness in an epitaxial system with a small lattice mismatch such as BaTiO 3 ͑tetragonal lattice parameters at room temperature aϭbϭ0.3994 nm and cϭ0.4038 nm͒ on SrTiO 3 ͑cubic lattice parameter a c ϭ0.3905 nm͒ has been reported. [10] [11] [12] [13] [14] [15] In this case, if the thickness of the BaTiO 3 film is under a certain critical value, the epitaxial film can grow two-dimensionally, whereas when the thickness exceeds a critical value misfit dislocations are introduced, lattice relaxation occurs, and the lattice parameter of the film becomes almost equal to that of the bulk. Two parameters are playing an important role in BaTiO 3 growth: the oxygen pressure and the deposition temperature. It has been observed that the growth of a c-axisoriented BaTiO 3 film is favored by a lower oxygen pressure, while that of an a-axis-oriented BaTiO 3 film is favored by a higher oxygen pressure. 16 It has been shown that the lattice constant normal to the substrate decreases with increasing oxygen pressure, probably due to a particle bombardment mechanism and/or thermal vibrations. Moreover, a higher deposition temperature results in an increased mobility of the adsorbed BaTiO 3 clusters and in a better film recrystallization.
It has been observed that epitaxial BaTiO 3 deposited by PLD shows different growth mechanisms on different substrates because of a different lattice mismatch. The latter is defined as (a film Ϫa substrate )/a substrate . For example, BaTiO 3 was observed to grow on MgO ͑cubic, a c ϭ0.4231 nm͒ following an island growth mode, 17 whereas BaTiO 3 thin films grown on SrTiO 3 substrates follow the layer-by-layer mode. 18 Layer-by-layer growth has been shown to be a possible growth mechanism taking into account the binding energies between layer and substrate obtained by theoretical Overall, the details of epitaxial BaTiO 3 film growth are obviously influenced by a number of parameters including growth method, substrate temperature, oxygen pressure, film thickness, and lattice mismatch. This requires a comprehensive analysis of the growth mechanism difficult including more detailed studies of the initial growth stages. As BaTiO 3 is considered to be the prototype of perovskite ferroelectrics, 20 considerable attention has been given so far to the properties of as-grown and/or annealed films explaining them in terms of advanced growth or ͑re͒crystallization stages, while the initial stages of film growth including the growth mechanism are up until now not studied in sufficient detail. This article presents a study of the initial stages of epitaxial BaTiO 3 films grown by PLD on SrTiO 3 substrates aiming at a better understanding of the growth mechanism of BaTiO 3 films on SrTiO 3 substrates. A combination of atomic force microscopy ͑AFM͒, cross sectional high-resolution transmission electron microscopy ͑HR-XTEM͒, and x-ray diffraction ͑XRD͒ is applied to highlight the growth mechanism. This work is to be considered in the general frame of improving the dielectric properties of BaTiO 3 films by replacing them with BaTiO 3 /SrTiO 3 superlattices.
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II. EXPERIMENTAL DETAILS
͑001͒-oriented SrTiO 3 :Nb single crystal substrates with a Nb concentration of 0.1% and a 0.1°miscut were used as substrates to grow the epitaxial BaTiO 3 thin films. Before deposition, the substrates were chemically and thermally treated in order to get well-defined vicinal surfaces. First, the SrTiO 3 substrates were immersed in buffered hydrofluoride solution NH 4 F:HF ͑BHF͒ with a pH equal to 4.5 for 30 s, then rinsed with deionized water, and finally dried in blowing dry nitrogen. Second, the surface was recrystallized by thermal annealing at 1200°C for 10 min in air. Subsequently, BaTiO 3 film depositions were performed by PLD in an oxygen atmosphere ͑0.2 mbar͒ onto the heated substrates ͑700°C͒. A high-density BaTiO 3 ceramic target was ablated using the radiation of a KrF excimer laser (ϭ248 nm͒. The laser energy and the laser repetition rate were fixed at 600 mJ and 1 Hz, respectively. These optimum deposition conditions have been chosen after studying the influence of different parameters ͑in particular, substrate temperature, oxygen pressure, and laser energy͒ onto the film quality. After deposition, the samples were cooled down in a high vacuum. The surfaces of substrates and deposited films were studied by an atomic force microscope ͑Digital Instruments 5000 microscope͒ working in tapping mode and using ultrasharp silicon tips with an average resonance frequency of about 350 kHz. Crystallographic analyses were performed by XRD -2 and scans and by pole figure measurements using a Philips X'Pert MRD four-circle diffractometer with Cu K ␣ radiation and a parallel plate collimator in front of the detector achieving a 2 resolution of 0.1°. Microstructure analysis of the interface between the BaTiO 3 film and the SrTiO 3 substrate was performed by cross sectional transmission electron microscopy ͑XTEM͒ in a JEOL 4010 electron microscope at a primary beam energy of 400 keV.
III. RESULTS AND DISCUSSION
The surface state of the substrate has an important influence on the early stages of film growth. In order to properly study the growth mechanism, a well-defined reference surface morphology is required. Therefore, SrTiO 3 :Nb substrates were subjected to a specific chemical and thermal treatment in order to obtain vicinal surfaces with atomically flat single terminated terraces. Before and after this treatment, the surface morphology of the substrates was investigated by AFM. The surface morphology of the as-received SrTiO 3 :Nb single crystal substrates consists of terraces with disordered steps and islands on the terraces, with typical step heights of 0.2 nm and 0.4 nm, corresponding to the half and the full lattice parameter of SrTiO 3 , which indicates the coexistence of both possible surface terminations-SrO and TiO 2 ͓Fig. 1͑a͔͒. In order to select only one possible stacking sequence of the film to be deposited, the substrate has to posses a single termination. 22 Because SrO is a basic oxide and TiO 2 is acidic, Kawasaki et al. 23 were able to shown that by controlling the pH of the BHF solution, it is possible to dissolve only one of the two atomic layers forming SrTiO 3 . Following this suggestion, our chemical etching treatment was chosen to obtain only the TiO 2 -terminated surface ͓Fig. 1͑b͔͒. However, the chemical treatment alone did not result in atomically flat substrate surfaces. An additional thermal treatment was necessary. It turned out that the success of this thermal treatment depended both on the temperature and on the time of annealing. An annealing at 1200°C for 10 min was found to be optimal for our SrTiO 3 :Nb substrates. The surface morphology of the vicinal substrates treated chemically and thermally following the optimal procedure consists of well-defined terraces of 150 nm to 250 nm width with straight and sharp terrace edges ͓Fig. 1͑c͔͒. The height of the steps is 0.4 nm which corresponds to one unit cell of SrTiO 3 , indicating a unique surface termination. Four different SrTiO 3 :Nb substrates with 0.1°, 0.5°, 1°, and 1.5°miscut angles have been used for chemical and thermal treatments. Increasing the miscut angle, the density of steps increases. For the experiments discussed in the following 0.1°vicinal, SrTiO 3 :Nb substrates were chosen.
Epitaxial BaTiO 3 thin films with nominal thicknesses ͑defined as the typical thickness the film would have if it would grow in the layer-by-layer mode, thus being a measure of the amount of deposited material͒ from 1 nm to 320 nm were deposited on the chemically and thermally treated vicinal SrTiO 3 :Nb substrates. The morphology of some of these BaTiO 3 films with different thicknesses is shown in Fig. 2 . Below a deposition of 1 min, a grainy layer uniformly covers the substrate, with the terrace steps still being visible ͓Figs. at 5 nm thickness ͓Fig. 2͑b͔͒. By further increasing the film thickness to 25 nm ͑5 min deposition͒, the density of the small grains increases ͓Fig. 2͑c͔͒. Obviously, some of these small grains grow further into larger grains which are observed for a thickness of 40 nm ͑8 min deposition͒ ͓Fig. 2͑d͔͒. The morphology does not principally change during a further increase of the film thickness to 260 nm and 320 nm ͓Figs. 2͑e͒ and 2͑f͔͒. The aforementioned results suggest a Stranski-Krastanov growth mechanism of BaTiO 3 on SrTiO 3 . In the early growth stage, a very thin, complete BaTiO 3 layer uniformly covers the substrate surface. At a film thickness of about 5 nm, small nuclei start to grow on top of this uniform ''wetting'' layer. Obviously, the critical thickness of 5 nm represents the turning point, when individual grains begin to grow and the film stress relaxes. For a thickness of about 40 nm, small grains grow into larger grains of about 100 nm in lateral size. The average in-plane size of the larger grains does not significantly increase above 100 nm on increasing film thickness, while the root-meansquare ͑rms͒ roughness of the BaTiO 3 films increases from 0.17 nm to 4.6 nm as the nominal film thickness increases from 0.6 nm to 320 nm ͑Fig. 3͒. XTEM investigations showed that, for the initial growth stages, the real film thickness corresponds well to the respective nominal film thickness values. A deeper understanding of the growth mechanism is enabled by XTEM investigations. Figures 4͑a͒ and 4͑b͒ show two HR-XTEM images of epitaxial BaTiO 3 films of 1 nm and 5 nm in nominal thickness, respectively. The interface between the BaTiO 3 film and the SrTiO 3 :Nb substrate is well-defined and sharp. A uniform continuous BaTiO 3 layer is observed in Fig. 4͑a͒ confirming that the initial growth mode is layer-by-layer growth. On top of this uniform layer BaTiO 3 islands begin to grow ͓Fig. 4͑b͔͒. Increasing the BaTiO 3 film thickness up to 320 nm, a columnar film structure develops. A close inspection of the XTEM image ͓Fig. 5͑a͔͒ shows that the film/substrate interface is sharp and that the columnar BaTiO 3 grains develop on top of a uniform BaTiO 3 layer. The electron diffraction patterns taken reveals the following orientation relationship: ͑ 001͒/͑100͒BaTiO 3 ʈ͑ 001͒SrTiO 3 ; ͓100͔/͓001͔BaTiO 3 ʈ͓100͔SrTiO 3 .
The resolution of the diffraction patterns ͓e.g., Fig. 5͑b͒ bottom͔ makes it difficult to resolve the tetragonality of the BaTiO 3 lattice, i.e., to differentiate between, e.g., 400 and 004 BaTiO 3 reflections. In diffraction patterns taken from a sample region around the film/substrate interface ͓Fig. 5͑b͔͒, the reflections of BaTiO 3 and SrTiO 3 are well separated, indicating a well relaxed state of the BaTiO 3 lattice. The rela- tive width of BaTiO 3 and SrTiO 3 reflections ͓see blow up, Fig. 5͑b͔͒ indicates a small out-of-plane orientational variation of the BaTiO 3 lattice of the order of 2°.
In order to investigate the orientation of BaTiO 3 thin films more precisely, x-ray diffraction -2 and scans were performed. 00m peaks from the SrTiO 3 substrate and m00/00m peaks of the BaTiO 3 film reveal the epitaxial film growth in the ͑pseudo-͒cube-on-cube orientation ͑Fig. 6͒. It is impossible to discriminate between (m00) and (00m), i.e., between the a and the c orientation of BaTiO 3 (c/aϭ1.01) because of the 0.1°resolution limit of our diffractometer in 2. In addition, we have conducted various pole figure analyses to confirm the crystallographic orientation. Figure 7 shows a pole figure taken using the BaTiO 3 211 peak and three scans recorded from the same sample using the SrTiO 3 222 reflection (2ϭ86.2°and ϭ54.6°), the BaTiO 3 211 reflection (2ϭ56.2°and ϭ34.9°), and the BaTiO 3 110 reflection (2ϭ31.6°and ϭ45.0°). The scans using the 211 and 110 reflections include also the contribution from the 112 (2ϭ55.9°) and 101 (2ϭ31.5°) reflections, respectively, since these are close to each other. The pole figure was plotted with the pole distance angle from ϭ0°͑center͒ to ϭ90°͑rim͒. ϭ90°corresponds to the substrate surface being parallel to the plane defined by the incident and reflected x-ray beams.
As summarized in Table I , peaks marked ''A'' in Fig.  7͑a͒ at Ϸ35°correspond to *͕112͖* and ϩ͕211͖ reflections from ͑001͒-and ͑100͒-oriented BaTiO 3 film regions, respectively, which are not discernable from each other. The symbol *͕112͖* comprises the reflections 112, 112, 112, and 112, and the symbol ϩ͕211͖ϩ comprises the reflections 211, 211, 211, and 211. Moreover, since the 2 position of the 112 reflection is very close to that of the 211 reflection, ϩ͕211͖ϩ and *͕112͖* reflections from ͑001͒-and ͑100͒-oriented BaTiO 3 films, respectively, are also appearing in the pole figure, viz. at Ϸ66°marked ''B'' in Fig. 7͑a͒ ͑cf. Table I͒ . Therefore, we are not able to discriminate between the ͑001͒ and ͑100͒ film orientations by XRD.
The BaTiO 3 thin films have a good in-plane orientation as demonstrated in Fig. 7͑b͒ . The full-width at half maximum ͑FWHM͒ of the BaTiO 3 110 reflection is ⌬ϭ1.16°w hich includes contributions from both 110 and 101 reflections and is thus a good value. ͑The FWHM of the 222 peak of the SrTiO 3 substrate is ⌬ ϭ 0.16°.) The scans of Fig.  7͑b͒ confirm the aforementioned epitaxial relationship of our BaTiO 3 films on the ͑001͒ SrTiO 3 substrates which has been determined by XTEM investigations. Moreover, in rocking curves of the BaTiO 3 200/002 peak, FWHM values are ranging from 0.24°to 0.52°confirming the good crystallinity of the BaTiO 3 films.
IV. CONCLUSION
Initial stages of the growth mechanism of epitaxial BaTiO 3 films on ͑001͒ SrTiO 3 substrates have been studied in terms of surface morphology, crystalline orientation, microstructure and film/substrate interface morphology. Toward this end, the combined application of AFM, HR-XTEM, and XRD proved to be useful. The regularly terraced TiO 2 -terminated surfaces of vicinal SrTiO 3 :Nb substrates prepared by a definite chemical and thermal treatment yield regular step patterns with the height of one single unit cell. These surfaces provide the required reference for the initial BaTiO 3 growth mode study. The morphological analysis of epitaxial BaTiO 3 films of different nominal thicknesses reveals important features of the growth mechanism. A layerthen-island ͑Stranski-Krastanov͒ growth mechanism of the epitaxial BaTiO 3 films on the SrTiO 3 :Nb substrates was identified and can be explained as follows. In the early growth stage, a grainy, but uniform, closed wetting layer of up to 5 nm thickness covers the substrate. This layer, which is apparently free from observable lattice defects, is most probably growing pseudomorphically strained on the 3 artificial superlattices with a thickness of the individual layers in the order of 5 to 10 nm are currently studied aiming at either an improvement of the ferroelectric properties or the achievement of new dielectric properties. Optimizing these properties certainly requires a good understanding of the initial growth mode of these very thin individual layers, to which our results should be able to contribute. Most probably, these observations are not restricted to ferroelectric systems, but applicable more generally to different superlattice systems that follow a StranskiKrastanov growth mechanism.
